Abstract During the last few decades, the Arctic has experienced large-scale vegetation changes. Understanding the mechanisms behind this vegetation change is crucial for our ability to predict future changes. This study tested the hypothesis that decreased cryogenic disturbances cause vegetation change in patterned ground study fields (nonsorted circles) in Abisko, Sweden during the last few decades. The hypothesis was tested by surveying the composition of plant communities across a gradient in cryogenic disturbance and by reinvestigating plant communities previously surveyed in the 1980s to scrutinise how these communities changed in response to reduced cryogenic disturbance. Whereas the historical changes in species occurrence associated with decreased cryogenic disturbances were relatively consistent with the changes along the contemporary gradient of cryogenic disturbances, the species abundance revealed important transient changes highly dependent on the initial plant community composition. Our results suggest that altered cryogenic disturbances cause temporal changes in vegetation dynamics, but the net effects on vegetation communities depend on the composition of initial plant species.
Introduction
Periglacial environments cover around 25% of the Earth's land surface (French 2007) . The intensity of disturbance generated in these regions due to repeated freezing and thawing processes in the soil is predicted to change due to the ongoing climate warming (Aalto et al. 2014 ). In addition, climate warming is expected to influence the vegetation abundance and composition in arctic and subarctic areas Larsen et al. 2014) , but to what extent temporal changes in cryogenic disturbance have contributed to temporal changes in vegetation is not well known. Recent vegetation change in the Arctic includes increased primary productivity recorded as increased Normalized Difference Vegetation Index in a large part of the Arctic (Xu et al. 2013) . This increased greenness is often attributed to increased abundance of shrubs, a phenomenon observed using modern and historical aerial photographs (Sturm et al. 2001; Tape et al. 2006; Lantz et al. 2012; Becher et al. 2013; Fraser et al. 2014) . However, whereas approximately a third of the Arctic is becoming greener, large portions remain unchanged and a small percentage is becoming browner, with presumably lower primary production; this variation cannot be explained by temperature effects alone (Xu et al. 2013) . Wildfires, herbivores, plant pests, and extreme weather events may contribute to the observed spatial variability in vegetation dynamics patterns (Bjerke et al. 2014) .
Altered cryogenic disturbance processes may constitute an additional mechanism behind the spatial variability in vegetation change in the Arctic, as this disturbance can both promote and hamper vegetation communities (Jonasson 1986) . As cryogenic disturbance processes are important factors influencing the distribution of plants at a Electronic supplementary material The online version of this article (doi:10.1007/s00300-017-2173-5) contains supplementary material, which is available to authorized users.
& M. Becher marina.becher@gmail.com micro-scale (le Roux et al. 2013; le Roux and Luoto 2014) , it has been hypothesised that decreased cryogenic activities in response to warmer climates could contribute to past and future vegetation changes in the Arctic (Hjort and Luoto 2009; Makoto and Klaminder 2012; Becher et al. 2013) . In line with this hypothesis, an increased abundance of shrubs has been observed in geomorphological features where intense soil frost actions possibly hampered during the last decades due to recent warming Frost et al. 2013) . By exposing mineral soil, cryogenic disturbance processes can create gaps in the existing vegetation where seeds can germinate and species can establish (Sutton et al. 2006; Virtanen et al. 2010; Frost et al. 2013 ). However, geomorphological disturbance can function as an ecological filter, hindering disturbance intolerant plants (e.g., trees) from taking advantage of a warmer climate (Macias-Fauria and Johnson 2013) . Cryogenic disturbance processes might physically damage plants through several processes. First, segregation ice (pipkrake or needle-ice) can damage plant tissues both aboveground and belowground (Hopkins and Sigafoos 1951; Gartner et al. 1986; Jonasson and Callaghan 1992; Kade et al. 2005; Kade and Walker 2008) . Second, the differential heave resulting from the heterogenic displacement of soil induced by soil frost and ice-lenses can disrupt plant roots (Jonasson 1986; Kade and Walker 2008) . Third, the disruption of the soil surface caused by freeze-thaw cycles or the injection of soil to the surface by cryogenic overpressures in sub-soil layers can also damage plants (French 2007; Makoto and Klaminder 2012) . Plant species such as Tofieldia pusilla, Juncus biglumis, Salix reticulata, Saxifraga oppositifolia, and Carex capillaris are more frequently found in cryogenically disturbed sites (Jonasson 1986; Kade and Walker 2008; Walker et al. 2004 Walker et al. , 2011 , whereas shrubs with woody root systemse.g., Vaccinium uliginosum, Vaccinium vitis-idaea, Salix myrsinifolia, Empetrum nigrum, Andromeda polifolia, and Betula nana-grow in soils less affected by cryogenic disturbances (Walker et al. 2011; Klaus et al. 2013) . However, the effect of temporal changes in cryogenic disturbances on these Arctic plant communities remains largely illusive.
To test the hypothesis that decreased cryogenic disturbances cause changes in the plant community composition, we used a cryogenic disturbance gradient developed on a patterned ground feature referred to as non-sorted circles to study the relationship between the cryogenic disturbance (differential heave) and plant community composition and we quantified vegetation changes that occurred over almost three decades in response to reduced cryogenic disturbances, as the vegetation developing on parts of this gradient was previously surveyed in detail (Jonasson 1986 ).
Materials and methods

Study area
The study was conducted at a patterned ground system, referred to as non-sorted circles or frost-boils (Washburn 1979) . The study system is situated in northern Sweden on a shallow tilting slope of subarctic heath close to the Abisko Scientific Research Station (68°21 0 N, 18°48 0 E) (Fig. 1) . Here, we refer to these non-sorted circles as ''circles''. During the plant survey (2012), the mean annual air temperature (MAAT) was considerably lower (-0.86°C) and the climate was wetter (367 mm) than the average for the last 100 years (1914-2013, -0 .47°C and 307 mm, respectively, data provided by the Abisko Scientific Research Station), and the MAAT has increased over the last few decades (Callaghan et al. 2010 ). Circles were characterised by sparsely vegetated circle-like areas (here called centre) 1.5 to 25 m 2 in diameter surrounded by a rim of more densely vegetated areas (here called margin) with a thick layer of organic horizon (13.2 ± 6.6 cm) (Becher et al. 2015) . Within these circles, several documented cryogenic activities can affect plants: (i) differential frost heave of the centre domain of the circle because of poor insulation in comparison to the surrounding areas during the winter (Peterson 2011) ; (ii) lateral and vertical soil motion induced both by gravity gradients and cryogenic pressure gradients arising during freezing and thawing ; and (iii) surface ice (pipkrake or needle ice) generated at the poorly insulated areas in the circle (Kade and Walker 2008) . In the study area, all these cryogenic disturbance processes have been observed, but inactive circles lacking apparent signs of recent soil motion do occur frequently in the terrain (Klaus et al. 2013) .
We selected three separated patterned ground fields to allow sampling of sites exposed to variable cryogenic activities (Fig. 1) . Within each field, the plant composition and cryogenic activities were measured in five circles. Two of the fields were situated on a gentle north-facing slope (Fig. 1c) , whereas the other fields were situated in a flat area adjacent to a mire (Fig. 1d) . None of the studied circles was underlain by permafrost within the upper meter of the soil, but (\0.5 m) permafrost near the surface was evident in adjacent soils (distances ranging from 7 to 200 m), where circles located closer to permafrost were more exposed to cryogenic disturbance processes (Becher et al. 2015) .
Plant surveys
Vegetation composition along a cryogenic disturbance gradient
The between circle difference in differential heave (generated as the centre and the margin of the circles heave to various extent between summer and winter) was used to measure of cryogenic disturbance. At the study site, differential heave of each circle was measured during the seasons of 2012/2013 (Becher et al. 2015) using GPS (Trimble R7 GNSS, Trimble Navigation Limited, 935 Stewart Drive Sunnyvale, California 94085 USA) with a real-time kinematic survey technique. The estimated vertical reproducibility of the method is 0.5 cm (Klaus et al. 2013) . Measures were chosen to represent the highest possible differential heave-i.e., the most elevated point of the circle in the winter was used as the surface level of the circle. This approach was used to be able to compare our measurements with previous measurements on the site done in 1985 -1986 (Jonasson 1986 , knowing that the values on differential heave were more conservative in the 1980s as they represented average values for the whole circle.
The composition of the plant community was investigated using the quadrat method (50 9 50 cm frame with 25 10 9 10 cm squares) (Bullock 2006) in the centre of each circle. The abundance of each species was estimated as the number of squares in which each species was found. Plants shorter than 5 mm and dead material were not counted. Carex capillaris and Carex dioica were treated as one group because these species are hard to separate using vegetative parts only.
Vegetation changes over three decades
The composition of the plant community in two circles from one of the circle fields (Fig. 1c , field including nonsorted circle 6-11) was investigated in 1984-1985 by Jonasson (1986) . In 2012, we repeated this investigation in five circles in the same field using a point intercept method (100 points/m 2 ) (Jonasson 1988) . The number of hits (on plant or flower) for the respective vascular plant was noted, and the relative hit frequency was calculated as follows:
Plant coverage of species i % ð Þ ¼ 100 Â hits on species i point intercepts :
Plants less than 5 mm in height and dead material were not counted and C. capillaris and C. dioica were treated collectively. In the 2012 survey, we investigated more circles (n = 5) than the survey conducted in 1986 (n = 2), as the location of the circles surveyed in 1986 was too uncertain to allow identification of specific circles used by Jonasson (1986) .
Additional measurements
Environmental variables were measured for each circlee.g., soil pH, soil moisture, soil temperature, and organic horizon thickness-to allow the composition of the plant community to be linked to environmental correlates. The soil moisture and temperature were measured with an instant gauge in the upper 4 cm (ML3-ThetaProbe soil moisture sensor connected to a HH2 moisture metre (Delta-T devices Ltd)) every second week during the growing season in 2012. The pH was measured in 10 g of moist soil that was sampled with a steel auger down to a depth of 5 cm and diluted in MQ-water (soil:water ratio of 5:1) at one time during the summer 2012 [For further details, see Becher et al. (2015) ]. Snow depth was measured at the centre of each non-sorted circle in March 2013.
Climatic variables
Because the studied circles are exposed to strong winds and accumulate limited snow cover (average 4 ± 4 cm), the studied circles have a temperature regime strongly influenced by air temperatures. The daily mean air temperature measured at the Abisko Scientific Research Station (ANS), located about 600-1500 m from the study sites (Fig. 1b) , was used to calculate the total of the negative mean daily air temperatures for a year (freeze indices) and the total of the positive mean daily air temperature for a year (thaw indices). Although the freezing and thawing conditions of the soil are highly dependent on snow conditions, the calculated freeze and thaw indices have previously been used to predict the activity of non-sorted circles without considering between-site differences in snow depth (Harris 1981) . The average freeze and thaw indices were calculated for the two periods before measuring the differential heave (1976-1985 and 2003-2012) to highlight temporal trends in cryogenic conditions ongoing over a decadal time-scale.
Statistics
A two-dimensional non-metric multidimensional scaling (NMDS) ordination using the Bray-Curtis similarity measure was used to investigate the differences in the plant community composition within and among circles and indicate the direction and strength of environmental correlates such as the O-horizon thickness, pH in mineral soil, soil temperature, soil moisture, and differential heave (Oksanen et al. 2015) . Differences in vegetation cover between 1984-1985 and 2012 was tested by examining the confidence intervals for each species in 2012 overlap with the average abundance reported in 1984-1985. This method was used because raw data for each circle from 1984 to 1985 were not available. A timeseries analysis was performed to detect trend in freeze and thaw indices from 1980 to 2013. This long-term perspective might be important, as previous studies have claimed that the vegetation in the non-sorted circles has experienced changes since the beginning of the 20th century ). Furthermore, ANOVA was performed to detect differences in freeze and thaw indices between the two periods around the time of investigations (1976-1985 and 2003-2012) . All statistical analyses were performed using the software R (R Core Team 2015).
Results
The study site in context of the current and past cryogenic activities
The differential heave ranged between 2 and 20 cm in all studied non-sorted circles, with an average of 11 cm (n = 15, 95th confidence interval = ±3 cm). In the revisited field, the differential heave was 16 cm in 2013 (n = 5, 95th confidence interval = ±6 cm), which should be compared to measures in 1984-1985 that displayed a mean of 26 cm (n = 2, 95th confidence interval = ±5 cm). These differences indicated that the circles experienced a decrease in differential heave during the last three decades, as the calculated freeze and thaw indices suggested a significant trend in warming of the climate both during the summer (p \ 0.001, r 2 = 0.28) and winter (p = 0.002, r 2 = 0.21) from the 1980s until today (Fig. 2) . Furthermore, the ten-year average of the freeze and thaw indices show that the climatic conditions for cryogenic disturbances have been significantly weakened between the two surveys ( Fig. 3 ) (freeze indices: F 1,18 = 14.32, p = 0.001, thaw indices: F 1,18 = 11.08, p = 0.003).
Plant communities along the cryogenic gradient
In total, 27 species were found within the studied gradient of the non-sorted circles (Online Resource 1). The multidimensional scaling of the environmental factors along the gradient and the plant communities is shown in Fig. 4a and b. The NMDS axis 1 was most strongly correlated with the soil temperature and pH, a finding that explains 73 and 71% of the variance, respectively. Axis 2 was most strongly correlated with the thickness of the O-horizon and differential heave, a finding that explains 64 and 51% of the variance, respectively (Table 1; Fig. 4a ). Most species with woody roots (e.g., E. nigrum, V. uliginosum, A. polifolia, and V. vitis-idaea) were associated with less cryogenically active sites with thicker O-horizon covering the mineral soil. Bartsia alpina and Loiseleuria procumbens were also found around less cryogenically active sites with thick O-horizon cover. Betula nana and S. myrsinifolia, both with woody roots, were found at locations with higher soil moistures. Grasses and herbs were found in sites with high cryogenic disturbances and a thinner O-horizon (Fig. 4b) .
Changes in vegetation communities between 1984-1985 and 2012
All species from the 1984-1985-year inventory that had a cover falling outside of the 95th confidence interval from the 2012-year inventory were considered to be significantly different between the two inventories (Fig. 5, Online Resource 2). Saxifraga oppositifolia, Equisetum scirpoides, C. capillaris, and Bistorta vivipara displayed a lower cover in 2012, and T. pusilla, Pinguicula sp., Equisetum arvense, and Dryas octopetala increased in cover since the 1984-1985 survey. Saxifraga aizoides, S. reticulata, J. biglumis/C. capillaris, and Arctostaphylos alpinus did not change between the two investigated years. One species (Minuartia stricta) that appeared in 1984-1985 was not present in 2012. However, eleven new species were found in the latter survey (V. uliginosum, S. myrsinifolia, Rhododendron lapponicum, Pedicularis lapponica, Juncus triglumis, Festuca ovina, E. nigrum, B. nana, B. alpina, Astragalus alpinus, and A. polifolia). This difference could partly be attributed to inventorying more circles, but since eight of these species were found in the surrounding area in the 1984-1985 inventory (V. uliginosum, R. lapponicum, P. lapponica, F. ovina, E. nigrum, B. nana, B. alpina, and A. polifolia), it is mainly species striving in a less disturbed environment that are found.
Discussion
Plant species and their response to differential heave Clearly, conditions for freeze-thaw processes believed to drive cryogenic disturbance processes at the study site have decreased since the 1980s as indicated by our climatic proxies (Fig. 2) . Current air temperatures and thaw indices are less ideal for the formation of active non-sorted circles than in the beginning of the twentieth century (Fig. 3 ) (Harris 1981) . Our proxies suggest decreased cryogenic disturbance in circles within the study area during the last decades. These proxies do not consider the snow depth and its isolating capacity. Snow depth increased during the twentieth century at the Abisko Scientific Research Station, but since the 1980s there has been a decrease ). However, average snow depth is only one aspect of the role of snow as an isolator that does not include temporal and spatial variation or the physical properties of the snow. The role of snow for the detected changes of cryogenic activity is still unknown. Despite indications of reduced cryogenic disturbance processes during the last decades, the studied circle system still represents a strong gradient in cryogenic disturbance processes as indicated by the measured differential heave values ranging from 2 to 20 cm. This substantial heave demonstrates that local site factors, such as water content, the soil permeability, soil surface thermal properties, and organic layer thickness (Peterson and Krantz 2003; Based on the community composition of plants along the gradient in differential heave, it is clear that the variation in cryogenic processes affects some plant species. For example, in non-sorted circles experiencing high differential heave in the winter, plants characterised as being favoured by disturbances and/or high pH (e.g., A. alpinus, B. vivipara, S. aizoides, J. triglumis, D. octopetala, and S. reticulata) are more common (Fig. 4a, b) . That S. reticulata and B. vivipara grow in soil affected by cryogenic processes is also supported by previous studies of these plants in active non-sorted circles both in Scandinavia and North America (Jonasson 1986; Walker et al. 2011) . Salix reticulata has a woody root system on top of the soil and fibrous roots penetrating into the soil, adaptations that facilitate growth in cryogenic active soil (Jonasson 1986; Walker et al. 2011) . B. vivipara, a plant with a small condensed root system, is a pioneer species in environments affected by freezing and thawing (Dormann et al. 2002) . This plant, together with C. capillaris, has been found to withstand disturbances (Jonasson and Callaghan 1992) . A small root system can also explain why S. oppositifolia appears to be among the most resistant plants to differential heave in the studied gradient. This species is also found in more cryogenically active sites in Alaska (Walker et al. 2004; Kade and Walker 2008) , indicating that this plant can grow in soils with even stronger disturbances than in our study gradient. Juncus biglumis, also found on active patterned ground features (Anderson and Bliss 1998) , is restricted to non-sorted circles with intermediate disturbances, but is closer to the high disturbance group. The group of plants that are mainly found at sites subjected to low differential heave included species with woody roots (e.g., V. uliginosum and E. nigrum), species with long fibrous roots (e.g., E. scirpoides), and species with fibrous roots (e.g., E. frigida, a low herb). Fibrous roots are fragile and easily disturbed, which may explain why the latter two plants are found in soils with low differential heave. The differential heave constitutes a strong disturbance for roots (Kade and Walker 2008) , and the properties that make plants successful in cryoactive sites along the gradient can be traced back to root traits (Jonasson and Callaghan 1992) . Notably, the results of the ordination indicate that direct effects from differential heave and disturbance from cryogenic processes are not the main factors controlling distribution of plant species, although these explain 51% of the variability in the studied gradient (Table 1) . Soil temperature and pH are more powerful predictors of the composition of a plant community at sites with low to intermediate disturbances, indicating that multiple environmental drivers have to be considered simultaneously to understand responses of plant communities to cryogenic disturbance (Mod et al. 2014) .
Vegetation changes in non-sorted circles during the last three decades
The lower differential heave in 2012-2013 than in 1984-1985 indicates that the modelled reductions in conditions for freeze and thaw processes (Fig. 3) have influenced the local scale studied here. Findings from the differential heave measurements should be treated with caution given the small number of circles, but reduced cryogenic disturbance implied by these data agrees with the main regional trend that suggests that the activity of cryogenic disturbance processes has been reduced in many circles since the 1950s and that permafrost has been rapidly lost during the last decades (Akerman and Johansson 2008) . During the last decades of decreased influence of cryogenic disturbance processes, the total vegetation cover increased, mainly because species already present in the surrounding in 1984-1985 (e.g., V. uliginosum, R. lapponicum, P. lapponicum, F. ovina, E. Nigrum, B. nana, B. alpina, and A. polifolia) colonised the centre of the non-sorted circles. The increased vegetation cover could in principal further reduce the differential heave, but we think that the vegetation cover and organic horizon depth, which has been observed to influence activity in non-sorted circles from the area (Klaus et al. 2013) , are still too sparse for this to be realised. Based on previous studies (Virtanen et al. 2010; le Roux et al. 2013 ; le Roux and Luoto 2014), we expected that cryogenic disturbance could also facilitate the establishment of species and cause vegetation changes. Specifically, circles have been shown to be favourable sites for seed germination (Sutton et al. 2006; Frost et al. 2013 ) and could thus facilitate the spread of species. This mechanism can explain why numerous species have also invaded the plots since the 1980s, although none of those species succeeded in becoming highly abundant (Fig. 5) . Importantly, we find no support for the previous observation that cryogenic disturbance processes facilitate the spread of species at larger spatial scales, since most of the plants species that invaded nonsorted circles were found in the surrounding area during [1984] [1985] and are today most common in the circles with the low (e.g., V. uliginosum, E. nigrum, B. alpina, and A. polifolia) or intermediate (e.g., S. myrsinifolia, R. lapponicum, F. ovina, and B. nana) differential heave (Fig. 4b) .
In the study area, around 16% of Arctic heathlands are covered by non-sorted circles ) and even larger regions can be influenced by cryogenic disturbances (Aalto et al. 2014; Hugelius et al. 2014 ). Although we observed that the shrub species that characterised the outer rim of the circles have started to invade the centre during the last decades and may in the end dominate the vegetation as the differential heave continues to decrease, the sparse vegetation in the centre is presently in a transient stage dominated by disturbance-adapted species.
Both our comparison of vegetation changes occurring since the 1980s and our assessment of vegetation along the cryogenic disturbance gradient indicate that vegetation changes occur when cryogenic disturbances decrease, findings that support our main hypothesis. By combining these two methods, we overcome many of the limitations associated with each of the individual methods and therefore obtain a more complete understanding of how the vegetation will change at different temporal scales (Dunne et al. 2004 ). When only the presence-absence of species is considered, the changes in the vegetation in the circles during the last two decades are relatively consistent with the changes along the spatial gradient in cryogenic disturbance processes. However, the vegetation changes are more complex when the species abundance is also considered because the species that increased the most during the period of low cryogenic disturbance were species associated with a high cryogenic disturbance (high differential heave). This result indicates that the re-vegetation of non-sorted circles following a decreased cryogenic disturbance will likely follow a transient trajectory strongly influenced by the species initially present for decades in the non-sorted circles. These results further indicate that generally decreased cryogenic disturbances (especially the re-vegetation of patterned ground) may contribute to the observed greening of the Arctic. However, the changes in cryogenic activity depend heavily on local geomorphological and environmental conditions, and the colonisation of circles following reduced cryogenic activity depends on the local pools of plant species. Therefore, more data from numerous locations around the Arctic are needed to develop a general understanding for the role of changes in cryogenic activities for current vegetation changes observed in the Arctic.
